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of Five Mouse Iroquois Homeobox Genes
n the Developing Heart
Vincent M. Christoffels,1 Astrid G. M. Keijser, Arjan C. Houweling,
Danielle E. W. Clout, and Antoon F. M. Moorman
Experimental and Molecular Cardiology Group, Academic Medical Center,
University of Amsterdam, 1105 AZ Amsterdam, The Netherlands
We isolated cDNAs of mouse Iroquois-related homeobox genes Irx1, -2, -3, -4, and -5 and characterized their patterns of
expression in the developing heart. Irx1 and Irx2 were found to be expressed specifically in the ventricular septum from the
onset of its formation onward. In fetal stages, the expression of both genes appeared to gradually become confined to the
myocardium of the atrioventricular bundle and bundle branches of the forming ventricular conduction system. Irx3 was
found to be expressed specifically in the trabeculated myocardium of the ventricles. Irx4 expression was observed in a
segment of the linear heart tube and the atrioventricular canal and ventricular myocardium including the inner curvature
after looping, resembling the pattern of MLC2V. Transcripts for Irx5 were detected specifically in the endocardium lining
the ventricular and atrial working myocardium that also expressed von Willebrand factor, but were absent from the
endocardium of the endocardial cushions, i.e., the atrioventricular canal, inner curvature, and outflow tract. The
spatiodevelopmental pattern of Irx5 matched that of ANF, a marker for the forming working myocardium of the chambers.
aken together, all members of the Irx gene family were found to be expressed in highly specific patterns in the developing
ouse heart, suggesting a critical role in the specification of the distinct components of the four-chambered
eart. © 2000 Academic Press
Key Words: Iroquois homeobox gene; cardiac development; patterning; chamber myocardium; endocardium; endocardial
cushions; ventricular septum; ventricular conduction system.INTRODUCTION
During development the ventricular and atrial compart-
ments arise from a linear heart tube. First, bilateral fields of
cardiogenic mesoderm fuse to form a linear heart tube
(Manasek, 1968; van Mierop, 1979; Fishman and Chien,
1997). The linear heart is polarized along the anteroposte-
rior (A-P) axis as is demonstrated by unidirectional blood
flow, dominant pacemaker, and highest beat rate frequen-
cies at the intake; gradients in expression of cardiac genes;
and the positional value the cardiomyocytes acquired (van
Mierop, 1967; Satin et al., 1988; Kamino et al., 1981; Yutzey
1 To whom correspondence should be addressed at the Depart-
ent of Anatomy and Embryology, Academic Medical Center,
niversity of Amsterdam, Meibergdreef 15, 1105 AZ Amsterdam,
he Netherlands. Fax: 131-20-697 61 77. E-mail: v.m.christoffels@
mc.uva.nl.
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All rights of reproduction in any form reserved.et al., 1994, 1995; Garcia-Martinez et al., 1993; Lyons, 1994;
Moorman et al., 1994, 1995; Franco et al., 1998). Regions
that are fated to become embryonic outflow tract, right
ventricle, left ventricle, atrioventricular canal, atria, and
inflow tract are oriented along the A-P axis (Stalsberg et al.,
1969; Yutzey et al., 1995; Garcia-Martinez et al., 1993). The
myocardium of the linear heart was dubbed “primary myo-
cardium” to distinguish it from the chamber myocardium
of atria and ventricles (Moorman et al., 1994; Christoffels et
al., 2000).
During cardiac looping, ventricular and atrial chamber
myocardial compartments are formed at the outer curva-
ture (de Jong et al., 1997; Christoffels et al., 2000). The
chamber myocardium differs in transcriptional, electro-
physiological, and contractile characteristics from the per-
sisting primary myocardium of the inner curvature, inflow
tract, atrioventricular canal, and outflow tract (de Jong et
al., 1992; Moorman et al., 1994; Lyons, 1994; Christoffels et
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264 Christoffels et al.al., 2000). The inner curvature, septa, and cardiac cushions
are crucial for septation and the proper alignment of the
formed compartments to transform the heart into a syn-
chronously contracting, four-chambered pump propelling
separated blood flows (Wessels et al., 1992, 1996; de Jong et
al., 1997; Christoffels et al., 2000).
Several factors are required for establishing the cardiac
lineage and other aspects of cardiogenesis. These factors
include GATA, Nkx, and Mef family members; d/eHand;
and Tbx5 (Olson et al., 1996; Fishman and Olson, 1997;
Bruneau et al., 1999; Horb et al., 1999). Additionally, a
umber of homeobox-containing genes are expressed in the
yocardium (Patterson et al., 1998). Nevertheless, the
rocesses underlying specification of chamber myocardium
nd chamber formation are poorly understood. A functional
ole for homeobox factors involved in chamber-
pecification has been indicated for Irx4, a homologue of
he Drosophila Iroquois homeobox genes. Both mouse and
hicken Irx4 genes are expressed in a specific pattern in the
eart (Bao et al., 1999; Bruneau et al., 2000). In ectopic
xpression experiments in chicken, Irx4 was demonstrated
o be involved in chamber-specific myosin heavy chain
MHC) gene expression (Bao et al., 1999).
In Drosophila, three homeobox genes of the Iroquois
omplex, araucan, caupolican (Gomez-Skarmeta et al.,
996), and mirror (McNeill et al., 1997), control the spatial
nd developmental patterns of genes that in turn control
roneural and vein-forming genes, the positional identity of
ensory neurons, and alula and notum formation. They are
ssential for establishing a dorsoventral pattern organizing
enter that is necessary for follicle, head, and eye formation
Gomez-Skarmeta et al., 1996; McNeill et al., 1997; Gril-
enzoni et al., 1998; Kehl et al., 1998; del Corral et al., 1999;
avodeassi et al., 1999, 2000; Jordan et al., 2000). In
enopus, Iroquois-related factors are required for the speci-
cation of neural precursors (Gomez-Skarmeta et al., 1998;
ellefroid et al., 1998). In mouse, Irx1, -2, -3, and -5 are
xpressed in distinct and overlapping patterns in the ner-
ous system (Bosse et al., 1997, 2000; Cohen et al., 2000).
imilarly, chicken Irx2 (cIrx2) revealed patterning in the
eural plate and later in the rhombomeres (Goriely et al.,
999), and zebrafish Ziro3 showed patterned expression in
he rhombomeres (Tan et al., 1999).
To investigate to what extent the Iroquois-related ho-
eobox transcription factors are involved in patterning the
eveloping heart we cloned members of this family from an
mbryonic mouse heart library. Multiple full-length
DNAs comprising five members, Irx1–5, were isolated and
haracterized in relation to cardiac development. All five
embers were detected in the embryonic mouse heart in
oth overlapping and distinct patterns, highly suggestive of
role in the specification of the distinct components of the
eart, including ventricular septum, ventricular conduction
ystem, atrial and ventricular chamber myocardium, and
rabecules. These patterns raise the possibility of the exis-
ence of an “Irx code” for patterning the heart, with a role fi
Copyright © 2000 by Academic Press. All rightomparable to that of the Hox code (Kessel et al., 1991) in
he formation of the A-P body axis.
METHODS
Isolation of Mouse Irx1–5 cDNAs
Hearts from embryonic day (E) 12.5 and E13.5 FVB mouse
embryos were pooled and total RNA was isolated. From the total
RNA, cDNA was prepared and cloned into pBK-CMV using the
ZAP Express cDNA synthesis and Gigapack III gold cloning kits
(Stratagene) according to the manufacturer’s instructions. Using a
0.3-kb 32P-labeled DNA probe corresponding to the chicken Irx4
homeodomain (Bao et al., 1999) 3 3 105 plaques were screened
under low-stringency conditions (hybridization, 30% formamide,
53 SSC, 23 Denhardt’s, 0.1% SDS, 37°C; washing, 23 SSC, 0.1%
SDS, room temperature). Phages were plaque-purified and the
cDNAs were sequenced for identification.
Embryos
FVB mouse embryos were obtained from timed-pregnant mice;
noon of detection of the vaginal plug was considered E0.5. Samples
were fixed for 4 h to overnight in 4% freshly prepared formaldehyde
in phosphate-buffered saline (PBS) at room temperature. The em-
bryos were dehydrated in a graded series of ethanol and embedded
in paraplast or dehydrated and stored in methanol for whole-mount
in situ hybridization. Serial sections were cut and mounted onto
RNase-free 3-aminopropyltriethoxysilane-coated slides for in situ
hybridization.
Whole-Mount in Situ Hybridizations
RNA probes complementary to myosin light chain 2V (MLC2V)
(O’Brien et al., 1993), atrial natriuretic factor (ANF) (Zeller et al.,
987), and Irx1–5 mRNA were labeled with digoxigenin–UTP.
robes for Irx1–5 did not contain the homeodomain to prevent
ross-hybridization. Whole-mount in situ hybridization was per-
formed essentially as described (Riddle et al., 1993; Franco et al.,
999) with some modifications: After isolation of E9–13 embryos,
he brain was perforated to prevent trapping of probe or antibody.
leaching with hydrogen peroxide was omitted and hydration was
irectly followed by proteinase K treatment (15 mg/ml, 10 min for
E8–8.5 or 20 min for older stages). The embryos were incubated at
70°C in prehybridization mix (50% formamide, 53 SSC, pH 7, 10
mg/ml blocking powder (Boehringer Mannheim), 1 mg/ml yeast
total RNA, 0.1 mg/ml heparin (Becton–Dickinson), 0.1% Tween
20, 0.1% Chaps (Sigma), and 5 mM EDTA). After 1 h denatured
digoxigenin-labeled riboprobe was added (1 mg/ml) followed by
vernight incubation. The first washing solution contained 0.1%
ween 20 instead of SDS. All further washing steps were performed
n phosphate-buffered saline containing 0.1% Tween 20 (PBS-T).
fter three washes for 10 min each in NTM (100 mM NaCl, 100
M Tris, pH 9.5, 50 mM MgCl2), incubation with anti-DIG-AP
1:1000, Boehringer Mannheim), and extensive washes in PBS-T
nd NTM, alkaline phosphatase activity was demonstrated using
urple AP reagent (Boehringer Mannheim). Images of dissected
mbryos on a thin layer of 1% agarose were taken with a Nikon
olor camera coupled to a Wild M7 stereomicroscope and digitized
les were recorded.
s of reproduction in any form reserved.
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265Irx Genes in the Developing Mouse HeartIn Situ Hybridization on Sections
RNA probes complementary to Irx1–5, MLC2V, connexin 40
(Cx40), sarcoplasmic reticulum ATPase 2A (Serca2A), von Wille-
brand factor (vWF; EcoRI–SstI fragment from GenBank Accession
No. AA472039), and ANF mRNA were labeled with digoxigenin–
UTP and hybridized to 7- to 14-mm-thick serial sections of 4%
ormaldehyde fixed embryos. The whole-mount in situ hybridiza-
ion protocol was adjusted for use on sections (A.F.M.M., A.C.H.,
. A. J. de Boer, and V.M.C., in preparation). The sections were
retreated in 3 3 7 min xylene; 2 min xylene/ethanol; 2 3 2 min
thanol 100%; and 1 min ethanol 96, 90, 70, and 50%, followed by
3 5 min PBS. Sections were treated for 15 min with proteinase K
15 mg/ml) terminated with 0.2% glycine in PBS. Postfixation was
erformed with 4% PFA 1 0.2% glutaraldehyde in PBS. Prehybrid-
zation was done for 1.5 h at 70°C. Digoxigenin-labeled riboprobe
as added followed by overnight incubation at 70°C. Images were
aken using a Nikon color camera coupled to a Zeiss Axiophot
icroscope and digitized files were recorded.
RESULTS
Isolation and Characterization of Mouse Irx1–5
A Lambda ZAP Express mouse E12.5–13.5 heart cDNA
library was screened by low-stringency hybridization using
the homeodomain of chicken Irx4 (cIrx4) (Bao et al., 1999).
rom 42 plaque-purified phages, the cDNAs of 35 were
dentified as members of the Iroquois-related homeobox
actors. Fifteen clones corresponded to Irx4, 8 clones to
rx3, 5 clones to Irx5, 4 clones to Irx1, and 3 clones to Irx2.
equence analysis showed that the majority of clones
ontained the complete predicted open reading frame and 59
nd 39 untranslated regions. The five Irx family members
ere predicted to be of similar size and composition with
espect to the highly conserved homeodomain and IRO box
Fig. 1A). The mouse Irx genes belong to the TALE super-
lass of homeobox genes (Burglin, 1997). They contain an
lanine at position 50 of the homeodomain that is charac-
eristic of the IRO class of homeobox genes. Phylogenetic
nalysis of members of the Iroquois-related homeobox
enes for which full-length sequences were available (Fig.
B) showed that Irx2 is most related to Irx5 and that Irx1 is
ost related to Irx3. The predicted amino acid sequence of
he homeodomain of Irx5 is identical to that of human
RX2A (GenBank Accession No. U90304) and mouse Irx2.
he Irx4 homologues formed the most distantly related
roup of the vertebrate Iroquois-related homeobox genes.
he recently reported Irx6 gene (Cohen et al., 2000) (Gen-
ank Accession No. AF165986) was not taken into account
s it is identical to Irx2. This Irx6 sequence shows 100%
dentity to the 234-bp Irx2 fragment (Bosse et al., 1997) in
enBank (GenBank Accession No. Y15000) and 100% iden-
ity to 1.2 kb of our Irx2 cDNAs. Furthermore, the reported
rx6 expression pattern is similar to the Irx2 pattern we and
thers (Bosse et al., 1997) observed.
Copyright © 2000 by Academic Press. All rightIrx1 and Irx2 Mark the Ventricular Septum and
the Developing Ventricular Conduction System
Irx1 and Irx2 were found to be expressed in virtually
identical patterns in the developing heart. First expres-
sion was detected at E10.5 in the cardiomyocytes of the
trabecules where the ventricular septum will be formed
(Fig. 4A). At E11.5 expression was restricted to the
ventricular septum (Figs. 3B and 4B). The trabecular
component showed stronger expression than the compact
myocardial component, and the left ventricular side
showed a somewhat more pronounced expression than
the right ventricular side. The endocardial cells lining the
trabecules and septum did not show detectable expres-
sion. Using whole-mount in situ hybridization we also
detected weak expression of Irx2 in the cardiomyocytes
surrounding the interventricular foramen (Figs. 2B–2C).
This region will contribute to the ventricular conduction
system (Moorman et al., 1998). The expression in the
entire ring could not be visualized by in situ hybridiza-
tion on sections, presumably because of the lower detec-
tion level. At E15.5–17.5 expression became confined to
the left side of the septum in a gradient from center to
lumen, to the top of the septum where the atrioventric-
ular bundle (AVB) will develop, and to the longitudinally
organized trabecules of the septum that will form the
bundle branches (BB) (Fig. 4). Serca2A, Cx40, and ANF
were used as markers for the developing ventricular
conduction system (Moorman et al., 1995, 1998) (Fig. 4).
Serca2A marked the AVB and BB by relatively low
expression levels (Figs. 4D and 4L); Cx40 expression was
detected in the left region of the septum, in the BB, in the
trabecules of the left ventricle and, very restricted, of the
right ventricle, and weakly in the AVB (Figs. 4F and 4J).
ANF showed a profile similar to that of Cx40 except for
the AVB, which did not express ANF (Figs. 4G and 4K).
Irx1 and -2 showed similar patterns in neural tissues,
heart, lung, and limbs, but Irx2 was specifically expressed
in the follicles of the whiskers, whereas Irx1 was specifi-
cally excluded from the whiskers (not shown), demonstrat-
ing that these probes do not cross-hybridize in the in situ
hybridization.
Taken together, the Irx1 and -2 genes showed overlapping
expression in the ventricular septum and subsequently in
the developing ventricular conduction system, where they
colocalized with markers for the ventricular conduction
system. They thus revealed that the septum and ventricular
conduction system have a transcriptional identity distinct
from the remainder of the ventricular working myocar-
dium.
Irx3 Expression Is Restricted to Trabecular
Component of the Ventricles
Irx3 expression was first observed in the trabecules of
embryonic ventricles of E9.5 embryos. From that stage
onward, expression was localized specifically in the trabec-
ulated component of the ventricles (Figs. 3C and 3F).
s of reproduction in any form reserved.
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outer layer, the compact core of the ventricular septum, or
FIG. 1. Sequences of the Irx1–5 genes and phylogenetic analysis. (A
Accession No. AF124732). The sequence for Irx3 is present in GenB
since the predicted open reading frames were not identical. Identic
homeodomain and IRO box are boxed, the alanine residue present i
for which a full-length open reading frame was available. The mo
chicken cIrx2 (AJ237599), cIrx4 (AF091504); Xenopus Xiro1 (AJ0018
raucan (X95179), caupolican (X95178), mirror (U95021) (GenBankthe endocardial cells lining the trabecules. The top of the a
Copyright © 2000 by Academic Press. All rightentricular septum and the trabecules astride the septum
howed expression that overlapped the expression of Irx1
ignment of the five predicted amino acid sequences (Irx4, GenBank
(Accession No. Y15001) but for the analysis our sequence was used
sidues are shaded black and similar residues are shaded gray. The
IRO genes is marked (*). (B) Phylogenetic analysis of all IRO genes
rx genes are shown in black. IRX4 (AF124733), IRX2A (U90304);
Xiro2 (AJ001835), Xiro3 (AJ027175); Ziro3 (AF124095); Drosophila
ession numbers in parentheses).) Al
ank
al re
n all
use I
34),nd Irx2 (Figs. 3 and 4B).
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267Irx Genes in the Developing Mouse HeartIrx4 Demarcates a Segment of the Linear and
Looped Heart
Irx4 gene expression was examined during cardiogenesis
(Figs. 2 and 5). We observed a developmental profile similar
to the pattern published recently (Bruneau et al., 2000). The
xpression in the linear heart was, like that of MLC2V,
resent in the middle portion of the linear and early looping
eart, often referred to as the “ventricular segment.” At
9.5 expression was found in the AVC, inner curvature, and
roximal OFT, almost identical to the pattern of MLC2V
Figs. 2G and 2H). Therefore, both genes were, strictly
peaking, not restricted to the ventricular myocardium. At
10.5 and E11.5 the myocardium of the AVC did express
rx4 and MLC2V, but the nonmyocardial AV cushions did
ot (Figs. 5B and 5E and not shown). From E11.5 onward
examined until birth) the OFT (later the aorta and pulmo-
ary trunc) no longer expressed Irx4 (Fig. 5G), whereas the
roximal part continued to express the MLC2V gene (not
hown). The expression of Irx4 was lower in the trabecules
han in the compact myocardium (Figs. 5B and 5G).
Irx5 Expression Is Restricted to the Endocardium
That Lines the Forming Chambers
At E9 first cardiac expression of Irx5 was observed at the
ventral side of the looping tubular heart at the level of the
embryonic ventricle (not shown). At E9.5 transcripts for
Irx5 were found selectively in the endocardium lining the
forming atrial and ventricular chambers marked by ANF
(Figs. 2 and 5). The expression in the heart colocalized with
that of vWF, a marker for endothelium (Yamamoto et al.,
1998). Expression of the vWF was lower in the endocardium
than in the large arteries and veins and almost absent from
the endocardium lining the cushions (Figs. 5K and 5M). The
endocardium of the IFT, AVC, inner curvature, OFT, and
endothelium of the aortic arch arteries did not show detect-
able levels of Irx5 expression (Fig. 5). The pattern of Irx5
remained unchanged during expansion of the chambers
(examined until E15.5). Cardiomyocytes at the top of the
ventricular septum and the trabecules astride the septum
also showed weak expression that overlapped the expres-
sion of Irx1, Irx2, and Irx3 (not shown, see Figs. 3E and 3F
for Irx1 and Irx3).
FIG. 2. Whole-mount in situ hybridization analysis of the expres
indicated. (A and B) Left-side views, the left ventricular free wall w
half was removed prior to probe hybridization, exposing the septum
curvature of the interventricular foramen (dashed arrow). The * in I
myocardium at the ventral side of the region where atria are being f
left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle;
OFT, outflow tract.
FIG. 3. Expression patterns of Irx1 and Irx3 in the developing hea
are indicated. (A, B, and C) Serial sections. The box in A indicates
the endocardial cells that do not stain positive. The * marks the m
cushions; LA, left atrium; RA, right atrium; LV, left ventricle; RV, righ
Copyright © 2000 by Academic Press. All rightIn summary, the pattern of Irx5 gene expression is
uniquely associated with the regions where chambers form
and is absent from endocardium lining the IFT, AVC, OFT,
and inner curvature where the endocardium gives rise to
the cushion mesenchyme (Mjaatvedt et al., 1999).
DISCUSSION
In this study we present the novel finding that all five
members of the Iroquois-related homeobox genes cloned to
date are expressed in the developing heart in very specific
patterns. These homeobox factors are functionally involved
in pattern formation and tissue specification in Drosophila
(Gomez-Skarmeta et al., 1996; Grillenzoni et al., 1998; Kehl
et al., 1998; McNeill et al., 1997; Dominguez et al., 1998;
Cavodeassi et al., 1999, 2000; Jordan et al., 2000) and in
Xenopus (Gomez-Skarmeta et al., 1998; Bellefroid et al.,
1998). The selectively localized cardiac expression patterns
therefore suggest a role for these factors in the specification
of distinct components of the heart, which include the
ventricular septum, the ventricular conduction system, and
the endocardium and trabecular myocardium of the form-
ing chambers. An overview of the patterns in the develop-
ing heart is given in Fig. 6.
At E13.5, Irx1 and Irx2 are specifically expressed in the
precartilage condensations within the digital rays, and Irx3
and Irx5 are expressed in the interdigital mesenchyme (not
shown). Statistical evidence indicates that heart and limbs
develop in a coordinated fashion, as disorders in these
structures often accompany each other (Wilson, 1998).
Mutations in the T-box transcription factor Tbx5, which is
expressed in limbs and heart during development (Chap-
man et al., 1996; Bruneau et al., 1999), cause Holt–Oram
syndrome (Li et al., 2000; Basson et al., 1999, 2000), which
is characterized by limb and cardiac malformations. Be-
cause of their expression pattern and putative role in
patterning, the Irx genes are potential candidate genes to
mediate these disorders.
Of all family members Irx4 displays the most diverse
expression profile. Irx4 transcripts are present in the very
early heart, in the cardiogenic mesoderm of E7.5 mouse
embryos, and in only a small region of the hindbrain and
absent from lung and limbs (Bruneau et al., 2000, and not
patterns of Irx1–5 in the mouse heart. The probes and stages are
oved prior to probe hybridization. (C) A ventral view, the ventral
e arrow in C marks the expression in the myocardium at the inner
ates the inner curvature. Arrows in J and K mark the nonexpressing
d. AC, atrioventricular cushions; AVC, atrioventricular canal; LA,
entricular septum; IVF, interventricular foramen; IFT, inflow tract;
alyzed by in situ hybridization on sections. The probes and stages
rea that is enlarged in D, E, and F. The arrows in D, E, and F mark
rdium that coexpresses ANF, Irx1, and Irx3. AC, atrioventricularsion
as rem
. Th
indic
orme
VS, v
rt an
the a
yocat ventricle; VS, ventricular septum; LB, lung bud.
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270 Christoffels et al.shown). Irx1, -2, -3, and -5, on the other hand, are first
expressed in the heart at E9–10.5 and extensively expressed
in the central nervous system, in the bronchial epithelium,
and in the limbs (Bosse et al., 1997; Cohen et al., 2000; Figs.
3 and 4; and not shown). Phylogenetic analysis of this
family of factors also indicates that Irx4 is the most diverse
member of the group. In line with these findings is the
reported genomic localization of Irx1, -2, -3, and -5 (Bosse et
al., 2000). Irx1 and -2 are clustered on chromosome 13, and
Irx3 and -5 are clustered on chromosome 8. Sequence
homology between the Irx genes suggests that the clusters
are formed by an early gene duplication followed by a
tandem duplication to another chromosome. Interestingly,
human IRX4 was assigned to chromosome 5p15.3 (Bruneau
et al., 2000), a region that is syntenic with the mouse
chromosome 13 region to which Irx1 and -2 were assigned.
Thus, it is well conceivable that mouse Irx4 is clustered
with Irx1 and -2 as well. If two gene duplication events that
FIG. 4. Irx1 and Irx2 expression in forming ventricular septum a
ections. The probes and stages are indicated. Arrows in A and B
entricular septum. (C and D, E–G, and H–L) Serial sections. The b
ight atrium; LV, left ventricle; RV, right ventricle; VS, ventricular
undle branch; AVV, atrioventricular valve (mitral valve).
IG. 5. Expression of Irx4 and Irx5 analyzed by in situ hybr
nlargements shown in D–F, respectively. The second box in the r
, L and M) Serial sections. The * in I indicates the unstained myoc
ndothelial cells of the endocardium and aortic arch arteries. AC
FIG. 6. Overview of the cardiac expression of Irx genes during dev
The second row shows icons of a ventral view of E9.5 to E12 hearts.
The localization of the Irx mRNA as assessed by whole-mount and
the relative level of expression. AVC, atrioventricular canal; LA, le
embryonic atrium; EV, embryonic ventricle.entricle; RV, right ventricle; OFT, outflow tract; AAA, aortic arch art
Copyright © 2000 by Academic Press. All rightgave rise to three Irx genes occurred, followed by the
postulated duplication of the cluster to another chromo-
some, an Irx4-like Irx gene is to be expected in the Irx3 and
-5 cluster on chromosome 8.
Irx1 and Irx2
Irx1 and Irx2 are the first transcription factors that are
expressed specifically in the cardiac ventricular septum.
Taking into account their role in pattern formation, the
important implication may be that the septum is a com-
partment of the heart with a distinct identity. In line with
this notion, transgenic mice carrying a fragment of the
Nkx2-5 gene regulatory region drive reporter gene expres-
sion in the ventricular septum (Tanaka et al., 1999).
The conduction system in the mouse is poorly developed:
o far, no unique markers for the developing mouse ventric-
lar conduction system have been reported (Moorman et
ntricular conduction system analyzed by in situ hybridization on
icate the staining in the very early (A) and well-recognizable (B)
n E indicates the enlargement shown in H–L. LA, left atrium; RA,
m; LB, lung bud; AS, aortic sac; AVB, atrioventricular bundle; BB,
tion on sections. (A–C) Serial sections; the boxes indicate the
trium in C indicates the enlargement shown in I. (G and H, J and
l wall of the right atrium. The arrows in I and J–M mark the stained
oventricular cushions; LA, left atrium; RA, right atrium; LV, left
ment. The first row shows icons of a left view of E8 to E9.5 hearts.
utflow tract has been hinged to the right side for reasons of clarity.
ion in situ hybridization is shown in dark gray or black, reflecting
rium; RA, right atrium; LV, left ventricle; RV, right ventricle; EA,nd ve
ind
ox i
septu
idiza
ight a
ardia
, atrielop
The o
sect
ft atery.
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271Irx Genes in the Developing Mouse Heartal., 1998). However, several genes are differentially ex-
ressed in the conduction system and the working myocar-
ium, e.g., Cx40, ANF, and Serca2A. During development,
uch genes become differentially expressed in the myocar-
ial region where bundle and bundle branches are formed,
ome at levels that only slightly differ from the surrounding
orking myocardium, without showing clear boundaries.
his, together with genetic, morphological, and electro-
hysiological data, indicates that the ventricular conduc-
ion system is gradually formed from the trabeculated
yocardium (reviewed in Moorman et al., 1998). In line
ith this view, Irx1 and Irx2 expression becomes confined
in a “drape-like” region positioned on top and astride the
ventricular septum, a region that coincides with the form-
ing atrioventricular bundle and bundle branches. At E17.5
both Irx1 and -2 transcripts were found in the AVB and BB.
Additionally, Irx2 is weakly expressed in the myocardium
surrounding the interventricular foramen. This structure
specifically expresses Msx-2 in the chicken (Chan-Thomas
et al., 1993) and can be stained specifically by anti-GlN2
and -Leu-7 antibodies in human and rat (but not in mouse)
(Wessels et al., 1992; Moorman et al., 1998; Ikeda et al.,
1990). The dorsal part of the Irx2-positive myocardium
encircling the foramen, including the top of the septum, is
thought to form the atrioventricular bundle (Moorman et
al., 1998). Unfortunately, expression in the ring is too weak
to be followed when the AVC expands during cardiac
development. Taken together, the expression profiles of
both genes indicate a role in septum specification and, later
during cardiac development, in the specification of compo-
nents of the ventricular conduction system, possibly acting
in a mutually redundant fashion.
Irx3
Irx3 expression is restricted to the trabeculated compo-
nent of the ventricular chambers, possibly from the onset of
its formation. The compact ventricular myocardium of the
septum and the free walls become phenotypically different
from trabeculated myocardium. In vivo BrdU labeling of
embryos has shown that the number of replicating cardio-
myocytes is much higher in the compact myocardium than
in the interiorly localized trabeculated component (Rumy-
antsev, 1977; Thompson et al., 1990). The trabeculated
myocardium is electrically well coupled compared to com-
pact myocardium, as Cx40 and Cx43 are expressed more
bundantly in the trabecules (Alcolea et al., 1999; Moorman
t al., 1998). On the other hand, the contractile apparatus is
ess well developed in the trabecules, and genes for atrial
arcomeric proteins (MLC1A, MLC2A, a-MHC) continue to
be expressed in addition to (the less expressed) ventricular
isoforms. Furthermore, the compact myocardium expresses
N-myc (Moens et al., 1993), whereas the trabecules express
BMP-10 (Neuhaus et al., 1999). Thus, trabecular and com-
act myocardium become substantially different during
evelopment, and the trabecular myocardium is thought to
ontribute substantially to the ventricular conduction sys-
Copyright © 2000 by Academic Press. All rightem. The localization of Irx3 expression suggests that this
omeobox factor could play a role in specifying the trabec-
lar component of the ventricle.
Irx4
Expression of Irx4 is, like MLC2V, confined to a broad
segment in the middle of the linear heart tube that is
frequently referred to as the “ventricular segment.” At E9.5
this segment encompasses the AVC, prospective left and
right ventricle, and proximal OFT. However, ventricular
chamber myocardium is formed in specific regions at the
outer curvature of the looping heart as can be demonstrated
by the selective initiation of expression of ANF, Chisel, and
SERCA2a (Christoffels et al., 2000; Moorman et al., 2000).
Therefore, it seems likely that Irx4 demarcates the anterior
and posterior boundaries of a segment of the linear and
looping heart tube within which the ventricular chamber
myocardium, but also the lower part of the atrial chamber
that is derived from the AVC (Wessels et al., 1992, 1996;
Lamers et al., 1992), will form. An additional dorsoventral
signal would then be required to let the formation of
ventricle myocardium take place at the ventral side of this
segment (Christoffels et al., 2000).
In chicken, Irx4 functions as an activator for a ventricular
MHC gene and as a repressor for an atrial MHC gene (Bao et
al., 1999). It would be attractive to postulate a similar role
for Irx4 in mouse. However, the genes for a-, and b-MHC
re expressed in the entire linear heart in gradients along
he A-P axis (see references in Franco et al., 1998), whereas
rx4 expression is restricted to a segment of the linear heart
Figs. 2E and 2G and Bruneau et al., 2000), indicating that in
ouse Irx4 is not sufficient for MHC regulation as was
ndicated for chicken by the ectopic Irx4 expression experi-
ents (Bao et al., 1999). On the other hand, the spatial and
emporal pattern of MLC2V matches the expression of Irx4
Figs. 2G and 2H), indicating a possible role for the Irx4
ranscription factor in MLC2V gene regulation.
Irx5
The Irx5 gene is exclusively expressed in the endocar-
dium lining the atrial and ventricular chamber myocardium
and not in the AVC, inner curvature, and OFT. This
myocardium specifically initiates the expression of ANF
and Chisel and shows upregulation of various genes for
sarcoplasmic reticulum and contractile proteins (Christof-
fels et al., 2000; Moorman et al., 2000). The flanking
myocardium of the IFT, the AVC, the OFT, and the inner
curvature, on the other hand, continue to behave like
primary myocardium of the linear and looping heart much
longer. Therefore, Irx5 may be a component of the pathway
involved in the formation and/or maintenance of chamber
myocardium that differentiates from the primary myocar-
dium of the looped heart. Alternatively, the absence of
expression of Irx5 correlates well with the site where
endocardial cushions are formed from the endocardium
s of reproduction in any form reserved.
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272 Christoffels et al.(Mjaatvedt et al., 1999). It could be imagined that Irx5-
xpressing endocardium is blocked in its ability to form
ndocardial cushions or to respond to signals mediating this
rocess. A third possibility is that the endocardium that
orms cushions substantially differs from other endothe-
ium, as vWF was also observed to be expressed at best at
ow levels in the endothelium lining the cushions. Cur-
ently we are performing ectopic expression experiments to
ettle this issue. So far, Irx5 is the first transcription factor
hat specifically demarcates the compartments that form
hamber myocardium, and that do not form cushions, from
he primary myocardium (Christoffels et al., 2000).
Taken together, all members of the mouse Irx family
loned to date are expressed in the heart in very specific
atterns. These patterns reveal the presence of specific
tructures that correlate with functional and structural
omponents of the four-chambered heart. These compo-
ents include ventricular septum, ventricular conduction
ystem, trabecules, and endocardium lining the working
yocardial chambers of the embryonic heart.
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